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ABSTRACT 
Background: Exertional-heat stress (EHS) disturbs the integrity of the gastrointestinal tract leading 
to endotoxaemia and cytokinaemia, which have symptomatic and health implications. This study 
aimed to determine the effects of carbohydrate and protein intake during EHS on gastrointestinal 
integrity, symptoms and systemic responses. Methods: Eleven (male n=6, female n=5) endurance 
runners completed 2h running at 60% V̇O2max in 35°C ambient temperature on three occasions in 
randomised order, consuming water (WATER) or 15g glucose (GLUC) or energy-matched whey 
protein hydrolysate (WPH) before and every 20min during EHS. Rectal temperature and 
gastrointestinal symptoms were recorded every 10min during EHS. Blood was collected pre- and 
post-EHS, and during recovery to determine plasma concentrations of intestinal fatty-acid binding 
protein (I-FABP) as a marker of intestinal epithelial injury, cortisol, endotoxin, and inflammatory 
cytokines. Urinary lactulose:L-rhamnose was used to measure small intestine permeability. Results: 
Compared to WATER, GLUC and WPH ameliorated EHS-associated intestinal epithelial injury (I-
FABP: 897±478pg·ml
-1
 vs. 123±197pg·ml
-1
 and 82±156pg·ml
-1
, respectively, p<0.001) and small 
intestine permeability (lactulose:L-rhamnose ratio 0.034±0.014 vs. 0.017±0.005 and 0.008±0.002, 
respectively, p=0.001). Endotoxaemia was observed post-EHS in all trials (10.2pg·ml
-1
, p=0.001). 
Post-EHS anti-endotoxin antibodies were higher (p<0.01) and cortisol and IL-6 lower (p<0.05) on 
GLUC than WATER only. Total and upper-gastrointestinal symptoms were greater on WPH, 
compared to GLUC and WATER (p<0.05), in response to EHS. Conclusion: Carbohydrate and 
protein intake during EHS ameliorates intestinal injury and permeability. Carbohydrate also 
supports endotoxin clearance and reduces stress markers, while protein appears to increase 
gastrointestinal symptoms. Suggesting carbohydrate is a more appropriate option.  
 
Keywords: Heat exposure, running, glucose, whey protein hydrolysate, I-FABP, gastrointestinal 
symptoms. 
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Introduction  
Exposure to hot ambient temperatures is common in many sports and exertional activities. 
Exertional heat stress (EHS) exacerbates splanchnic hypoperfusion, hyperthermic injury and 
perturbations of intestinal barrier function that may lead to endotoxaemia and subsequent systemic 
inflammatory responses (i.e., cytokinaemia), and the development of gastrointestinal symptoms 
(Costa et al. 2017a). These gastrointestinal disturbances and systemic responses have been linked to 
several acute and chronic health conditions, including fatal septic shock, ischaemic colitis, paralytic 
ileus, inflammatory bowel disease and chronic fatigue syndrome (Caradonna et al. 2000; Cohen et 
al. 2009; Morris et al. 2014; Rav-Acha et al. 2004; Sanchez et al. 2006). Indeed, endotoxaemia, 
cytokinaemia, and gastrointestinal symptoms have been consistently observed during and after 
endurance events with exposure to hot ambient conditions (Costa et al. 2016; Gill et al. 2015b; 
Jeukendrup et al. 2000; Stuempfle and Hoffman 2015; Stuempfle et al. 2013). Gastrointestinal 
symptoms during these events consistently affect ≥60% of athletes, making them a major medical 
issue that can compromise exercise performance, nutrient intake during and after exercise, and, in 
severe cases, cause withdrawal from competition (Costa et al. 2017a).    
 Considering postprandial hyperaemia increases splanchnic perfusion and microvascular 
blood flow in intestinal villi, it is plausible that repeated macronutrient intake during EHS may 
ameliorate gastrointestinal perturbations by improving splanchnic perfusion (Matheson et al. 2000; 
Qamar and Read 1987; van Wiijck et al. 2012). Furthermore, absorption of glucose and certain 
amino acids and (or) amino acid precursors (i.e., glutamine, aspartate, glycine, L-arginine and L-
citrulline) have been shown to produce localised metabolic vasodilators, principally nitric oxide, 
which may also improve intestinal microvillous perfusion during exercise (Matheson et al. 2000; 
van Wijck et al. 2012). Indeed, a 10 g bolus of L-citrulline, an L-arginine pre-cursor, before 1 h 
cycling at 70% maximal workload (Wmax) improved splanchnic perfusion and reduced circulating 
levels of intestinal fatty-acid binding protein (I-FABP), a sensitive marker of intestinal epithelial 
injury and damage, during exercise (Grootjans et al. 2016; van Wijck et al. 2014).  
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In addition to postprandial hyperaemia, it has been proposed that certain amino acids, for 
example glutamine, may enhance the expression of heat shock proteins which can prevent injury to 
the intestinal epithelium; and subsequently reduce intestinal permeability, and localised and 
systemic inflammatory responses (Dokladny et al. 2006; Zuhl et al. 2014b). Despite some 
promising effects on gastrointestinal integrity, the practical utility of amino acid and (or) protein 
intake during prolonged exercise may be somewhat limited due to reports of gastrointestinal 
symptoms (Grimble 2007; Rehrer et al. 1992). However, to date no studies have investigated the 
effects of hydrolysed whey protein, which contains a variety of amino acids and peptides in a more 
rapidly digested form (Koopman et al. 2009), on gastrointestinal integrity and symptoms, and 
systemic profiles in response to EHS.    
 Carbohydrate is more commonly consumed than protein during endurance exercise and has 
been shown to improve physical performance (Stellingwerff & Cox 2014). However, recommended 
intakes of 90 g·h
-1
 multiple transportable carbohydrates during prolonged exercise (i.e., ≥3 h) has 
been associated with the development of gastrointestinal symptoms, due to the inability to tolerate 
such high carbohydrate intakes (Costa et al. 2017b). Moreover, few studies have investigated the 
effects of carbohydrate intake before or during exercise on gastrointestinal integrity. Observations 
by Rehrer et al. (2005) reported that consumption of a glucose solution pre-exercise and every 20 
min during 60 min cycling at 70% V̇O2max tended to maintain portal vein blood flow to a greater 
extent than water, highlighting the efficacy of glucose in stimulating postprandial hyperaemia. 
However, other studies have observed no benefit to gastroduodenal permeability, except when 
aspirin was ingested pre-exercise (Lambert et al. 2001); and it appears that small infrequent 
carbohydrate intakes during 60-90 min steady state exercise has minimal impact on intestinal 
integrity (Sessions et al 2016; van Nieuwenhoven et al. 2000). Consumption of an energy gel during 
60 min running at 70% VO2max has been suggested as being harmful to gastrointestinal integrity 
(Sessions et al. 2016). However, the small transient post-exercise increase in I-FABP (~263 pg·ml
-
1
) and circulatory endotoxin (~5 pg·ml
-1
) (Sessions et al. 2016) are well below the 1230 pg·ml
-1
 and 
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10 pg·ml
-1
 increase that we previously observed after 2 h running at 60% V̇O2max in 35°C Tamb with 
water (Snipe et al. 2016). In addition to macronutrient intake, inadequate, excessive, and (or) 
prescribed fluid intakes above tolerance levels during exercise have been shown to contribute to the 
development of gastrointestinal symptoms, with restricted fluid intake also increasing small 
intestine permeability (Costa et al. 2017a; Lambert et al. 2008a; Lambert et al. 2008b). It is evident 
that there is currently a clear gap in the research regarding the most appropriate nutrient intake to 
recommend for maintenance of gastrointestinal integrity and ameliorating the associated systemic 
responses associated with EHS.  
The current study, therefore, aimed to determine the effects of carbohydrate and protein 
intake before and during EHS on gastrointestinal integrity (i.e., using I-FABP as a marker of 
intestinal epithelial injury and lactulose:L-rhamnose ratio as a measure of small intestine 
permeability), systemic responses (i.e., circulatory endotoxin and inflammatory cytokine profiles) 
and gastrointestinal symptoms compared to ad libitum water intake. It was hypothesised that 
carbohydrate and protein intake would ameliorate perturbations to gastrointestinal integrity and 
systemic responses compared to water, but that protein intake would increase the incidence and 
severity of gastrointestinal symptoms compared to those associated with carbohydrate and water 
ingestion.  
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Methods  
Participants 
Eleven non-heat acclimatised endurance-trained runners [mean ± SD: (male n= 6, female n= 
5) age 31 ± 5 years, nude body mass 65.7 ± 12.0 kg, height 1.72 ± 0.09 m, % body fat mass 17 ± 
6%, V̇O2max 54 ± 6 ml·kg·min
-1
] volunteered to participate in the study. All participants gave 
written informed consent. The study protocol received approval from the local ethics committee and 
conformed to the 2008 Helsinki Declaration for Human Research Ethics. Participants were 
excluded if they confirmed having gastrointestinal infections, diseases and/or disorders, consumed 
potential modifiers of gastrointestinal integrity (such as prebiotics, probiotics, and/or antibiotics), 
were adhering to gastrointestinal-focused dietary regimes (such as fibre-modified or gluten-free 
diets) within the previous three months, or consumed non-steroidal anti-inflammatory medications 
and/or stool altering medications such as laxatives and anti-diarrhoeal medication within one month 
before the experimental protocol. 
 
Preliminary measures 
One week before the first experimental trial, height and nude body mass (Seca 515 MBCA, 
Seca Group, Hamburg, Germany) were recorded. Maximal oxygen uptake (V̇O2max; Vmax Encore 
Metabolic Cart, Carefusion, San Diego, California, US) was estimated by means of a continuous 
incremental exercise test to volitional exhaustion on a motorized treadmill (Forma Run 500, 
Technogym, Seattle, Washington, US), as previously reported (Costa et al. 2009). To determine 
running speed for the exercise trials, the speed at approximately 60% VO2max and 1% gradient was 
determined and verified from the V̇O2-work rate relationship (10.3 ± 0.7 km·hr
-1
). 
 
Experimental procedure 
Participants were provided with an individualised diet low in fermentable carbohydrates 
(i.e., FODMAPs) for the 24 h period before each experimental trial (12.4 ± 1.8 MJ, 454 ± 69 g 
Page 6 of 41
A
pp
l. 
Ph
ys
io
l. 
N
ut
r. 
M
et
ab
. D
ow
nl
oa
de
d 
fro
m
 w
w
w
.n
rc
re
se
ar
ch
pr
es
s.c
om
 b
y 
TH
E 
U
N
IV
ER
SI
TY
 O
F 
QU
EE
NS
LA
ND
 on
 08
/08
/17
Fo
r p
er
so
na
l u
se
 o
nl
y.
 T
hi
s J
us
t-I
N
 m
an
us
cr
ip
t i
s t
he
 a
cc
ep
te
d 
m
an
us
cr
ip
t p
rio
r t
o 
co
py
 e
di
tin
g 
an
d 
pa
ge
 c
om
po
sit
io
n.
 It
 m
ay
 d
iff
er
 fr
om
 th
e 
fin
al
 o
ffi
ci
al
 v
er
sio
n 
of
 re
co
rd
. 
carbohydrate, 113 ± 10 g protein, 71 ± 13 g fat) to reduce gastrointestinal symptoms arising from 
pre-exercise food and fluid intake (Lis et al. 2016). Participants were asked to refrain from 
consuming additional high FODMAP foods, alcohol, and caffeinated beverages during the diet 
controlled period, and refrain from strenuous exercise during the 48 h period before each 
experimental trial. Compliance was determined by a dietary and exercise log. Participants reported 
to the laboratory at 8:00h after consuming the standardised low FODMAP breakfast (2.5 MJ, 125 g 
carbohydrate, 14 g protein, and 4 g fat) with 400 ml of water (consumed at 07:00h). Participants 
were asked to void before nude body mass measurements and completion of a self-reported 
gastrointestinal symptom assessment tool. A 10-point Likert-type rating scale was used to quantify 
self-perceived gastrointestinal symptoms (adapted from a 10 cm visual analogue scale (Bengtsson et 
al. 2013; Tuck et al. 2017), with 0 indicative of no symptoms to 10 indicative of extreme symptoms, 
as previously reported (Costa et al. 2016; Costa et al. 2017b). Blood was then collected by 
venepuncture from an antecubital vein into a vacutainer (6 ml, 1.5 IU·ml
-1
 heparin). To monitor 
rectal temperature (Tre) during running, participants inserted a thermocouple 12 cm beyond the 
external anal sphincter (Grant REC soft insertion probe thermocouple; Grant 2010 Squirrel data 
logger, Shepreth, UK).  
In a randomised order, participants completed three experimental trials separated by one-
week, consisting of 2 h (initiated at 09:00h) running exercise on a motorised treadmill at the 
previously determined speed that elicited 60% V̇O2max within an environmental chamber at 35.5 ± 
1.4°C Tamb and 27 ± 5% relative humidity. Participants were provided with an in-house formulated 
non-commercial energy-matched glucose (GLUC: 255kj of which protein 0 g, carbohydrate 15.0 g 
and fat 0 g, 6.0% w/v; Glucodin, Valeant, Laval, Quebec, Canada) or whey protein hydrolysate 
(WPH: 255kj of which protein 14.8 g, carbohydrate 0.1 g and fat 0.1 g, 6.4% w/v; Tatua HWP406, 
Morrinsville, New Zealand) solution immediately pre-exercise and every 20 min during running 
with additional water ad libitum, or water (WATER) ad libitum and requested to drink to maintain 
euhydration. In the absence of repeated gut-training with a set fluid volume, an ad libitum water 
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intake regime was employed to provide autonomy over drinking patterns to minimise occurrence of 
gastrointestinal symptoms (Costa et al. 2017b; Lambert et al. 2008a). Participants were not advised 
of the contents of the GLUC and WPH solutions; however, the test solutions were not blinded due 
to an inability to mask the flavour of the WPH solution. Heart rate, rating of perceived exertion 
(RPE; 20-point Likert-type perceived exertion rating scale, with 7 indicative of very very light and 
19 indicative of very very hard) (Borg 1982), thermal comfort rating (13-point Likert-type thermal 
rating, with 7 indicative of comfortable, 10 indicative of hot, and 13 indicative of unbearably hot) 
(adapted from Hollies and Goldman 1977), Tre, and gastrointestinal symptoms were measured every 
10 min during running. To determine small intestine permeability, participants were asked to 
consume a dual-sugars solution containing 5 g lactulose (Duphalac, Abbott Biologicals, Olst, 
Netherlands) and 1 g L-rhamnose (MP Biomedicals, LLC, Solon, USA) in 100 ml water, 90 min 
into exercise. A 5 h urine collection period commenced post-ingestion, where the final volume was 
weighed, and 30 ml aliquoted and stored frozen at -20°C until analysis. Immediately after EHS, a 
blood sample was collected and nude body mass was recorded. Participants remained seated during 
the recovery period and were provided with water ad libitum. Blood was also collected 1 h, 2 h, and 
4 h post-EHS. To reduce any seasonal heat acclimatisation, the experimental procedures were 
conducted over the cooler seasonal periods (temperatures were consistently ≤20°C) (Costa et al. 
2014).
 
 
 
Sample analysis 
Whole blood haemoglobin and haematocrit values were used to estimate changes in plasma 
volume relative to baseline, and used to correct plasma variables. Blood glucose concentration was 
determined pre- and post-EHS using a handheld glucose monitor (Accu-Chek Proforma, Roche 
Diagnostics, Indianapolis, Indiana, USA). The remaining blood samples were centrifuged at 4000 
rpm for 10 min within 15 min of sample collection. Plasma was aliquoted into eppendorfs and 
frozen at -80°C until analysis, except for 50 µl that was used to determine plasma osmolality 
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(POsmol), in duplicate (coefficient of variation (CV): 2.7%), by freezepoint osmometry (Osmomat 
030, Gonotec, Berlin, Germany). Recovery of lactulose and L-rhamnose in urine was determined by 
ultra-performance liquid chromatography in duplicate (CV: 13.8%). Plasma concentrations of 
interleukin (IL)-6, IL-1β, tumour necrosis factor (TNF)-α, IL-8, IL-10, and IL-1 receptor antagonist 
(ra) were determined by multiplex enzyme-linked immunosorbent assay (ELISA; HCYTOMAG-
60K, EMD Millipore, Darmstadt, Germany). Circulating gram-negative bacterial endotoxin 
concentration was determined by limulus amebocyte lysate (LAL) chromogenic endpoint assay 
(HIT302, Hycult Biotech, Uden, Netherlands). Plasma concentrations of I-FABP (HK406, Hycult 
Biotech, Uden, Netherlands), endotoxin core antibody (HK504, Hycult Biotech, Uden, Netherlands) 
and cortisol (RE52061, IBL International, Hamburg, Germany) were determined by ELISA. All 
variables were analysed in duplicate as per manufacturer’s instructions on the same day, with 
standards and controls on each plate, and each participant assayed on the same plate. The CVs for 
cytokine profile, endotoxin, I-FABP, endotoxin core antibody, and cortisol were 2.5%, 3.2%, 5.4%, 
6.0%, and 3.1%, respectively.   
 
Statistical analysis  
Based on the typical standard deviation of 0.7 EU·ml
-1
 for circulatory endotoxin responses 
to exertional-stress (Gill et al. 2015a; Gill et al. 2015b), and using standard alpha (0.05) and beta 
values (0.8) (www.dssresearch.com), a sample size of n= 8 is estimated to provide adequate 
statistical precision to detect a >10% difference in circulatory endotoxin concentration in response 
to EHS in the target population. Such increases in circulatory endotoxin concentration have 
consistently been associated with systemic inflammatory responses (Gill et al. 2015a; Gill et al. 
2015b; Gill et al. 2016). Data in the text and tables are presented as mean and 95% confidence 
interval (CI), and accumulative score and individual participant range for gastrointestinal 
symptoms. For clarity, data in figures are presented as the magnitude of change with mean ± 
standard error of the mean (SEM). Due to commonly reported individual variations in plasma 
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cytokine responses to exercise (Gill et al. 2015a, Gill et al. 2015b; Gill et al. 2016), figures for 
cytokine profile has been presented as individual responses, with the removal of outliers for clarity. 
Only raw data and participants with full data sets within each specific variable were used in the data 
analysis. All data were checked for normal distribution by calculating skewness and kurtosis 
coefficients. Where data violated the assumption of normality (positive skewness and kurtosis), data 
were log-transformed prior to analysis. Variables with singular data points were examined using a 
one-way ANOVA; while variables with multiple data points were examined using a two-way 
repeated-measures ANOVA, except for gastrointestinal symptoms that were examined using 
Friedman’s test. Assumptions of homogeneity and sphericity were checked, and when appropriate 
adjustments to the degrees of freedom were made using the Greenhouse-Geisser correction method. 
Significant main effects were analysed using a post hoc Tukey’s HSD test or Wilcoxon signed rank 
test for gastrointestinal symptoms. Data was also analysed for order effect using a two-way repeated 
measures ANOVA, with no significant trial order effect observed. Statistics were analysed using 
SPSS statistical software (V.23.0, Chicago, Illinois, USA) with significance accepted at p≤ 0.05. 
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Results 
Hydration status, cardiovascular and thermoregulatory strain  
Water intake was higher (p= 0.005) and EHS-induced loss of body mass was lower (p< 
0.001) on GLUC and WPH compared to WATER (Table 1). Plasma osmolality did not differ pre- 
to post-EHS within or between trials (p= 0.393), indicating maintenance of euhydration. A main 
effect of time was observed for Tre (p< 0.001), which was significantly elevated from 20 min EHS 
onwards, compared to 10 min (p< 0.01; Figure 1A). Peak Tre (GLUC: 38.9 (38.5-39.4)°C, WPH: 
39.0 (38.5-39.4)°C and WATER: 39.3 (38.8-39.8)°C) and change in Tre from pre-EHS (GLUC: 2.0 
(1.6-2.4)°C, WPH: 2.1 (1.6-2.5)°C, and WATER: 2.2 (1.7-2.7)°C) were similar across all trials (p= 
0.103 and p= 0.175, respectively). A main effect of time was found for heart rate (p< 0.001; Figure 
1B), rating of perceived exertion (p< 0.001; Figure 1C), and thermal comfort rating (p< 0.001; 
Figure 1D), which were significantly elevated in all trials from 40 min EHS onwards, compared to 
10 min. 
 
[Insert Table 1 near here] 
[Insert Figure 1 near here] 
 
Plasma cortisol and blood glucose concentration 
A trial x time interaction was observed for plasma cortisol (p= 0.003) and blood glucose 
concentrations (p= 0.014; Figure 2). Plasma cortisol concentration increased pre- to post-EHS on all 
trials and was significantly lower immediately, 1 h and 2 h post-EHS on GLUC (p< 0.01), and at 1 
h post-EHS on WPH (p< 0.05) compared to WATER. Blood glucose concentration increased pre- 
to post-EHS on all trials and was higher on GLUC compared with WPH and WATER (p< 0.01). 
   
[Insert Figure 2 near here] 
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Gastrointestinal integrity and symptoms 
A trial x time interaction was found for plasma I-FABP concentrations (p< 0.001; Figure 3), 
those being significantly elevated immediately, 1 h and 2 h post-EHS, compared with pre-EHS 
values on WATER (288%, 236% and 97%, respectively, p< 0.01). However, they did not change on 
GLUC and WPH. Compared to WATER, I-FABP levels were significantly lower immediately, 1 h 
and 2 h post-EHS on GLUC and WPH (p< 0.01). A significantly lower lactulose:L-rhamnose ratio 
was observed on GLUC (0.017 (0.013-0.021)) and WPH (0.008 (0.004-0.011)) compared to 
WATER (0.034 (0.022-0.046); p= 0.001) (Figure 4). Gut discomfort was significantly higher on 
WPH compared to WATER (p= 0.003), while total and upper-gastrointestinal symptoms were 
significantly higher (p< 0.01) on WPH and appetite significantly lower (p< 0.05) compared with 
GLUC and WATER (Table 2).  
 
[Insert Figure 3 near here] 
[Insert Figure 4 near here] 
[Insert Table 2 near here] 
 
Circulating endotoxin profile 
A main effect of time was observed for plasma bacterial endotoxin concentration, which 
increased by a mean of 10.2 pg·ml
-1
 (p= 0.001), peaking immediately post-EHS (Figure 5A). A trial 
x time interaction was observed for plasma anti-endotoxin antibody concentration (p= 0.012) which 
increased post-EHS on GLUC (23%, p< 0.01) and WPH (9%, p> 0.05), and decreased on WATER 
(12%, p> 0.05) (Figure 5B). Post-EHS anti-endotoxin antibodies were significantly higher on 
GLUC compared to WATER only (p< 0.01).  
 
[Insert Figure 5 near here] 
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Cytokine profile 
A trial x time interaction was observed for plasma IL-6 concentration (p= 0.048; Figure 6A), 
whereas, a main effect of time was observed for plasma IL-8 (p= 0.004), IL-10 (p= 0.003) and IL-
1ra (p= 0.002) concentrations (Figure 6). Plasma IL-6 concentration significantly increased pre- to 
post-EHS on WATER only, and was greater than GLUC, but not WPH. Pre- to post-EHS increases 
in the plasma concentrations of IL-8 (85%, peaking post-exercise), IL-10 (926%, peaking 1 h post-
exercise) and IL-1ra (78%, peaking 2 h post-exercise) were observed (p< 0.05), with no difference 
between trials. A compensatory anti-inflammatory response was observed after EHS on WATER, 
GLUC, and WPH as evident by a significant reduction in TNF-α:IL-10 ratio (main effect of time; 
p< 0.001). However, this reduction was not significant for IL-1β:IL-10 ratio.  
 
[Insert Figure 6 near here]  
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Discussion  
The current study aimed to determine the effects of carbohydrate and protein intake before 
and during EHS on gastrointestinal integrity, systemic responses, and gastrointestinal symptoms, 
compared to those with ad libitum water intake. The novel findings of the current study are that 
frequent ingestion of GLUC before and during EHS ameliorates intestinal epithelial injury and 
small intestine permeability, and enhances anti-endotoxin antibody responses compared to 
WATER. Further, energy-matched WPH also ameliorates intestinal epithelial injury and small 
intestine permeability compared to WATER. However, WPH increases the incidence and severity 
of gastrointestinal symptoms compared to GLUC and WATER. These findings indicate that, while 
frequent carbohydrate and protein ingestion both support gastrointestinal integrity during EHS, 
carbohydrate may be a more suitable recommendation for four reasons: 1) it was not associated 
with the triggering and heightened severity of gastrointestinal symptoms as observed with whey 
protein hydrolysate intake; 2) it supports endotoxin clearance, and results in reduced cortisol and 
IL-6 responses; 3) it contributes to blood glucose maintenance; and 4) it provides a rapid exogenous 
energy source to support skeletal muscle workload, all of which may contribute to improvements in 
exercise performance (Cota et al. 2017a; Stellingwerff and Cox 2014). 
 
Intestinal epithelial injury 
A novel finding was the substantial reduction in intestinal epithelial injury observed after 
running in 35°C Tamb on GLUC and WPH compared to WATER. Additionally, we observed no 
significant pre- to post-EHS increase in I-FABP on GLUC and WPH, indicating frequent feeding of 
macronutrients abolishes exercise-associated intestinal epithelial injury. Considering that 1) 
repeated ingestion of a glucose solution maintains portal vein blood flow during exercise (Rehrer et 
al. 2005); 2) I-FABP levels correlate well with splanchnic perfusion (van Wijck et al. 2011); and 3) 
no differences in I-FABP were found between GLUC and WPH, it is likely repeated macronutrient 
feeding ameliorates intestinal injury by maintaining microvascular hyperaemia in the intestine villi.  
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Indeed, a reduced splanchnic hypoperfusion during exercise has been observed after 
ingestion of 10g of L-citrulline compared with 20 g L-alanine (placebo), providing further evidence 
on the beneficial effects of macronutrient feeding on intestinal blood flow and subsequent intestinal 
injury (van Wijck et al. 2014). However, it appears that pre-exercise macronutrient intake and (or) 
infrequent macronutrient consumption may have limited and (or) short-lived effects on splanchnic 
perfusion, intestinal ischemia, and subsequent intestinal epithelial injury (Sessions et al. 2016; van 
Wijck et al 2014). Indeed, this is supported by previous research suggesting the cessation of 
carbohydrate intake during prolonged (≥3 h) steady state running may contribute to substantial 
increases in intestinal injury (i.e., up to 4443 pg·ml
-1
 increase in plasma I-FABP concentration) 
(Costa et al. 2017b). Therefore, from a practical perspective, it may be important to recommend 
early and frequent macronutrient consumption during prolonged exercise to avoid intestinal 
epithelial injury and associated gastrointestinal implications, including impaired nutrient absorption 
and exacerbation of gastrointestinal symptoms (Costa et al. 2017b; Lang et al. 2006; van Wijck et 
al. 2013). It is also yet to be determined if lower concentrations of macronutrients consumed before 
and frequently during prolonged strenuous exercise results in similar outcomes (e.g., 5g or 10 
g·20min
-1
).   
 
Small intestine permeability 
The reduction in small intestine permeability observed on GLUC and WPH during 
prolonged running in the heat is a novel finding that could have important clinical outcomes. For 
example, increased intestinal injury and permeability is a distinct feature of many acute and chronic 
health conditions, and has been implicated as a primary mechanism for endotoxaemia and 
gastrointestinal-originated exertional heat stroke (Caradonna et al. 2000; Cohen et al. 2009; 
Grootjans et al. 2016; Lim and Mackinnon 2006; Rav-Acha et al. 2004). Our findings indicate that 
frequent macronutrient intake reduces small intestine permeability compared to WATER. These 
findings are supported by previous research showing ingestion of carbohydrates every 10 min 
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during 1 h running at 70% V̇O2max reduces aspirin-induced gastroduodenal permeability (Lambert et 
al. 2001). Although small intestine permeability was not reduced and there was no further benefit 
obtained from the addition of glutamine at a similar rate to the WPH (Lambert et al. 2001). 
Whereas, in the current study, energy-matched WPH was more effective than GLUC at maintaining 
tight junction integrity and regulation during EHS, despite similar I-FABP profiles. Indeed, longer-
term (7-28 days) supplementation of whey-based proteins and amino acids (i.e., glutamine) have 
been associated with improvements in gastrointestinal permeability with proposed mechanisms that 
include increased heat shock protein expression (e.g., HSP70), stabilised tight junction protein 
complexes, and thus reducing localised epithelial and systemic inflammatory responses (de Moura 
et al. 2013; Kotler et al. 2013; Zuhl et al. 2014a). It is therefore, plausible that WPH may have 
further reduced small intestine permeability via increased heat shock protein expression (Zuhl et al. 
2014b; Zuhl et al. 2015). Albeit, further research is required to elucidate the exact mechanisms that 
explain the observed differences in small intestine permeability between GLUC and WPH. 
 
Systemic endotoxin and cytokine profile 
In the current study, circulating endotoxin concentrations increased in all trials, despite a 
lower small intestine permeability on GLUC and WPH. The lack of a consistent relationship 
between intestinal permeability and circulatory endotoxin concentrations is supported by other 
studies, indicating factors beyond the extent of intestinal permeability such as lymphatic 
translocation, hepatic clearance rates, and (or) exercise-associated depression in immune function 
(e.g., phagocyte elastase degranulation) may contribute to mild exercise-associated endotoxaemia 
(Camus et al. 1998; Costa et al. 2009; Costa et al. 2011; Yeh et al. 2013). For example, gram-
negative endotoxins may enter systemic circulation through the lymphatic system, rather than the 
paracellular route, and be bound to lipoproteins, soluble/membrane CD14 and (or) appear as outer 
membrane vesicles with differing clearance capacities and rates (Azuma et al. 1983; Hurley 1995; 
Kaparakis-Liaskos and Ferrero 2015; Munford 2016; Selkirk et al. 2008).  
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Changes in endotoxin flux by measuring anti-endotoxin antibodies may, therefore, be a 
useful indicator of circulatory endotoxin clearance and partly predict neutralization capacity 
(Bennett-Guerrero et al. 2001). In the current study, anti-endotoxin antibodies were increased post-
EHS on GLUC and reduced on WATER, suggesting that carbohydrate intake may support 
endotoxin clearance, potentially through maintenance of immune function (Costa et al. 2009; Costa 
et al. 2011). While the higher intestinal permeability and reduced anti-endotoxin antibodies on 
WATER, indicate increased endotoxin translocation and clearance may have occurred, despite 
similar post-exercise circulatory endotoxin concentration to GLUC and WPH. Indeed, endurance 
training has been proposed to improve endotoxin tolerance arising from repeated endotoxin 
exposure (Lim et al. 2009; Selkirk et al. 2008). Therefore, the commonly observed mild 
endotoxaemia might be a normal physiological response to strenuous exercise and pose no 
additional health risk if endotoxin clearance capacity (i.e., anti-endotoxin antibodies, liver function, 
phagocytic immune cell function) and recovery time is adequate. For example, anti-endotoxin 
antibodies are often reduced following endurance and ultra-endurance events, followed by a super-
compensation in antibodies during recovery, suggesting a beneficial adaptation (Camus et al. 1998; 
Jeukendrup et al. 2000). In addition to higher anti-endotoxin antibodies on GLUC, lower post-
exercise plasma cortisol and IL-6 concentrations were observed, compared to WATER, which may 
be attributed to the increased blood glucose levels (Henson et al. 1999; Nieman et al. 1998; 
Pedersen and Hoffman-Goetz 2000). Similar observation of increased blood glucose combined with 
reduced plasma cortisol and pro-inflammatory cytokine concentrations have previously been 
observed with carbohydrate intake during prolonged exercise, suggesting a reduced stress response 
with carbohydrate consumption compared to WATER (Henson et al. 1999; Nieman et al. 1998). 
These findings may have significant gastrointestinal-immune health implications, whereby repeated 
carbohydrate consumption during exercise may ameliorate localised gastrointestinal injury, 
cytokine signalling, local and systemic inflammatory responses. Moreover, active individuals 
adhering to low-carbohydrate diets and (or) exercising fasted in an attempt to increase fat oxidation 
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and (or) avoid gastrointestinal issues may be at increased risk of exercise-associated gastrointestinal 
disturbances and related health implications. 
 
Gastrointestinal symptoms  
Gastrointestinal symptoms are a major medical complaint consistently affecting >60% of 
runners during endurance events, especially when conducted in hot ambient conditions (Costa et al. 
2016; Jeukendrup et al. 2000; Stuempfle et al. 2013; Stuempfle and Hoffman 2015). Indeed, we 
have recently shown that exposure to hot ambient conditions during running directly contributes to 
the development of gastrointestinal symptoms, compared with temperate conditions (Snipe et al. 
2016). Moreover, a recent study has demonstrated that large doses (90 g·h
-1
) of multiple-
transportable carbohydrates during prolonged running, a period when the gastrointestinal tract is 
compromised, results in malabsorption and the onset of gastrointestinal symptoms (Costa et al. 
2017b). Reductions in splanchnic blood flow during high intensity exercise, or arising from heat 
exposure, can impair carbohydrate absorption (Lang et al. 2006; Rehrer et al. 2005). Unabsorbed 
carbohydrates may contribute to the development of upper-gastrointestinal symptoms via the ileal 
brake mechanism that slows gastric emptying, or lower-gastrointestinal symptoms due to increased 
colonic content and pressure (Shin et al. 2013; Yao et al. 2016). In the current study, GLUC was 
provided at a similar rate (i.e., 45 g·h
-1
), in a readily absorbed concentration, to those reported 
during competitive endurance running events (Costa et al. 2016; Pfeiffer et al. 2012). No observable 
differences were found in gastrointestinal symptoms between GLUC and WATER, suggesting that 
prescribed provision of moderate carbohydrate intake does not increase gastrointestinal symptoms 
over ad libitum water intake, and thus is well tolerated.  
While GLUC did not appear to exacerbate gastrointestinal symptoms, similar energy and 
volume intake of WPH increased the incidence and severity of symptoms, particularly upper-
gastrointestinal symptoms, compared to GLUC and WATER. The increased prevalence of 
symptoms such as bloating and urge to regurgitate, suggest a possible delay in gastric emptying and 
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(or) altered gastrointestinal motility with WPH (Horner et al. 2015; Leiper 2015). Several other 
studies have also found increased reports of gastrointestinal symptoms with consumption of 
moderate to large protein and (or) amino acid intake before or during exercise (Gentle et al. 2014; 
Grimble 2007; Rehrer et al. 1992). However, hydrolysed proteins have been reported to be digested 
and absorbed at a faster rate than complete proteins (Koopman et al. 2009), which may have 
contributed to the lack of symptoms observed in a small proportion of participants in the current 
study. Consistent with previous research, our findings highlight large individual variability in 
tolerance to the type and quantity of nutrition intake during running (Costa et al. 2016; Costa et al. 
2017b). It is plausible that smaller doses of WPH than provided during this study may be beneficial 
in maintaining gastrointestinal integrity while avoiding the occurrence of gastrointestinal 
symptoms, this however requires further investigation. Indeed, the occurrence of gastrointestinal 
symptoms during prolonged running likely arises due to the additional burden of nutrient digestion 
and absorption during a period of compromised gastrointestinal integrity and (or) function. 
Therefore, it is suggested that individual tolerance to nutrient intake during exercise be established 
and (or) trained for increased tolerance to optimise gastrointestinal integrity, health, and exercise 
performance outcomes (Costa et al. 2017b; Hansen et al. 2014).  
Due to the aforementioned differences in tolerance to nutrient intake during exercise, 
WATER was provided ad libitum in the current study to act as a control for gastrointestinal 
symptoms. Despite advising participants to drink sufficient amounts of water to maintain 
euhydration, a limitation of the current study is the additional body mass loss (~0.9%) that occurred 
on WATER compared to GLUC and WPH. However, body mass losses were below values 
considered as modest dehydrated (≥2% exercise-induced body mass loss) and values shown to 
contribute to the development of gastrointestinal symptoms (Cheuvront et al. 2003; Rehrer et al. 
1989). Moreover, Tre and plasma osmolality were not significantly different between trials, 
indicating minimal effects on factors that may exacerbate gastrointestinal perturbations (e.g., 
thermoregulation and hydration status) (Lambert et al. 2008; Pires et al. 2016).  
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 Conclusion and future perspectives 
Regular provision of glucose during EHS reduces intestinal injury and permeability, 
supports endotoxin clearance, and potentially lessens the stress response, compared to when only 
water is ingested. Frequent intake of hydrolysed whey protein during EHS also reduces intestinal 
injury and permeability compared to water intake. However, protein appears to have minimal 
impact on systemic responses and such large intakes appear to increase gastrointestinal symptoms 
compared to water and carbohydrate intake. Therefore, frequent ingestion of carbohydrates may be 
more appropriate to recommend for supporting gastrointestinal integrity during EHS. Future 
research should aim to identify the minimum carbohydrate dose and frequency required to 
ameliorate gastrointestinal perturbations and if these benefits exist at higher exercise intensities and 
(or) over longer durations.     
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Table 1. Water intake, body mass loss and plasma osmolality in response to 2 h running at 60% V̇O2max in 35°C Tamb (exertional-heat stress: EHS) 
with ingestion of glucose (GLUC), whey protein hydrolysate (WPH) and water (WATER). 
Mean and (95% confidence interval) (n=11). 
aa 
p< 0.01 vs. WATER. NA: not applicable. 
     
 GLUC WPH WATER ANOVA 
 Pre-EHS Post-EHS Pre-EHS Post-EHS Pre-EHS  Post-EHS  p-value 
        
        
Total water intake NA 1.84 (1.66-2.03)
aa
 NA 1.89 (1.64-2.15)
aa
 NA 1.59 (1.30-1.88) 0.005 
(L)        
Body mass loss NA 0.5 (-0.1-1.2)
aa
 NA 0.4 (-0.1-1.0)
aa
 NA 1.3 (1.0-1.6) 0.000 
(%)        
 Plasma Osmolality  285 (277-293) 284 (275-294) 287 (280-295) 290 (281-298) 290 (284-297) 291 (284-298) 0.393 
(mOsmol·kg
-1
)       
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Table 2. Incidence of severe gastrointestinal symptoms and severity of gut discomfort, total, upper-, and lower-gastrointestinal symptoms in response 
to 2 h running at 60% V̇O2max in 35°C Tamb with ingestion of glucose (GLUC), whey protein hydrolysate (WPH) and water (WATER).  
     
 GLUC WPH WATER Friedman 
 Incidence
1
 Total Incidence
1
 Total Incidence
1
 Total p-value 
        
        
Gut discomfort NA 402 (11-58) NA 516 (1-88)
aa
 NA 286 (0-67) 0.003 
       
Total gastrointestinal symptoms 73% 641 (4-153) 91% 1370 (14-269)
aabb
 82% 875 (0-254) 0.003 
       
Upper-gastrointestinal symptoms 45% 362 (3-90) 91% 861 (0-167)
aabb
 45% 378 (0-128) 0.002 
        
Belching 27% 149 (0-41) 45% 267 (0-48) 18% 94 (0-33) 0.058 
Heartburn 0% 6 (0-4) 9% 18 (0-18) 0% 25 (0-17) 0.607 
Bloating 9% 122 (0-29) 64% 311 (0-71)
aabb
 18% 106 (0-40) 0.001 
Upper abdominal pain 0% 21 (0-7) 9% 93 (0-21) 0% 53 (0-28) 0.066 
Urge to regurgitate 9% 64 (0-27) 45% 172 (0-40)
b
 18% 90 (0-48) 0.034 
Regurgitation 0% 0 (0-0) 0% 0 (0-0) 9% 10 (0-10) 0.368 
       
Lower-gastrointestinal symptoms 27% 135 (0-45) 45% 201 (0-45) 18% 156 (0-39) 0.338 
        
Flatulence 0% 3 (0-3) 0% 28 (0-25) 0% 6 (0-2) 0.424 
Urge to defecate 0% 58 (0-36) 9% 56 (0-36) 0% 83 (0-29) 0.130 
Abdominal pain/s 0% 29 (0-9) 18% 72 (0-22) 0% 30 (0-15) 0.417 
Abnormal defecation
2
  0% 0 (0-0) 0% 0 (0-0) 0% 0 (0-0) --- 
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Others        
        
Nausea 9% 82 (0-38) 36% 177 (0-53) 27% 155 (0-43) 0.210 
Dizziness 9% 48 (0-30)
a
 18% 72 (0-37)
a
 27% 155 (0-43) 0.003 
Abdominal stitch 0% 14 (0-6) 27% 59 (0-22) 0% 37 (0-17) 0.582 
        
Appetite NA 180 (0-53) NA 120 (0-41)
ab
 NA 198 (0-50) 0.020 
Thirst NA 397 (6-80)
a
 NA 344 (1-66)
aa
 NA 520 (20-87) 0.006 
        
Overall participant summative accumulation of rating scale point score of measured time periods and individual participant range (n=11). 
aa 
p< 0.01 
and
 a
 p< 0.05 vs WATER, 
bb 
p< 0.01 and
 b
 p< 0.05 vs GLUC. 
1
 Incidence of severe (≥5 out of 10) gastrointestinal symptoms and 
2 
abnormal defecation 
including loose watery stools, diarrhoea and blood in stools. NA: not applicable.  
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Figure Legends  1 
Figure 1. Rectal temperature (A), heart rate (B), rating of perceived exertion (C), and thermal 2 
comfort rating (D) in response to 2 h running at 60% V̇O2max in 35°C Tamb on glucose (GLUC: 3 
white squares), hydrolysed whey protein (WPH: grey squares) or water (WATER: black squares). 4 
Mean ± SEM (n= 11): †† main effect of time p< 0.01 vs. 10 min.  5 
 6 
Figure 2. Change in plasma cortisol (A) and blood glucose (B) in response to 2 h running at 60% 7 
V̇O2max in 35°C Tamb on glucose (GLUC: white squares), hydrolysed whey protein (WPH: grey 8 
squares) or water (WATER: black squares). Mean ± SEM (A) and mean and individual responses 9 
(B) (n= 11):
 **
 p< 0.01 and
 *
 p< 0.05 vs. pre-EHS,
 aa
 p< 0.01 and
 a
 p< 0.05 vs. WATER, 
bb
 p< 0.01 10 
vs. WPH. 11 
 12 
Figure 3. Change in plasma intestinal fatty acid binding protein (I-FABP) in response to 2 h 13 
running at 60% V̇O2max in 35°C Tamb on glucose (GLUC: white squares), hydrolysed whey protein 14 
(WPH: grey squares) or water (WATER: black squares). Mean ± SEM (n= 11):
 **
 p< 0.01 vs. pre-15 
EHS,
 aa
 p< 0.01 and 
a
 p< 0.05 vs. WATER. 16 
 17 
Figure 4: EHS-induced small intestine permeability (lactulose:L-rhamnose ratio) in response to 2 h 18 
running at 60% V̇O2max in 35°C Tamb on glucose (GLUC), hydrolysed whey protein (WPH) or water 19 
(WATER). Mean ± SEM (n= 8): 
aa
 p< 0.01 vs. WATER, 
b
 p< 0.05 vs. GLUC. 20 
 21 
Figure 5: Pre- to post-EHS circulatory gram-negative bacterial endotoxin (A) and anti-endotoxin 22 
antibody (B) concentration in response to 2 h running exercise at 60% V̇O2max in 35°C Tamb on 23 
glucose (GLUC), hydrolysed whey protein (WPH) or water (WATER). Mean and individual 24 
responses (n= 9): † main effect of time p< 0.05 vs. pre-EHS, ** p< 0.01 vs. pre-EHS, 
aa
 p< 0.01 vs. 25 
WATER. 26 
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 27 
Figure 6: Pre- and post-EHS plasma IL-6 (A), IL-1β (B), TNF-α (C), IL-8 (D), IL-10 (E), and IL-28 
1ra (F) concentrations in response to 2 h running exercise at 60% V̇O2max in 35°C Tamb on glucose 29 
(GLUC), hydrolysed whey protein (WPH) or water (WATER). Individual responses (n= 9): †† 30 
main effect of time p< 0.01 pre-EHS vs. post-EHS, ** p< 0.01 vs. pre-EHS, 
a
 p< 0.05 vs. WATER. 31 
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Figure 1. Rectal temperature (A), heart rate (B), rating of perceived exertion (C), and thermal comfort 
rating (D) in response to 2 h running at 60% V̇O2max in 35°C Tamb on glucose (GLUC: white squares), 
hydrolysed whey protein (WPH: grey squares) or water (WATER: black squares). Mean ± SEM (n= 11): †† 
main effect of time p< 0.01 vs. 10 min.  
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Figure 2. Change in plasma cortisol (A) and blood glucose (B) in response to 2 h running at 60% V̇O2max in 
35°C Tamb on glucose (GLUC: white squares), hydrolysed whey protein (WPH: grey squares) or water 
(WATER: black squares). Mean ± SEM (A) and mean and individual responses (B) (n= 11): ** p< 0.01 and 
* p< 0.05 vs. pre-EHS, aa p< 0.01 and a p< 0.05 vs. WATER, bb p< 0.01 vs. WPH.  
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Figure 3. Change in plasma intestinal fatty acid binding protein (I-FABP) in response to 2 h running at 60% 
V̇O2max in 35°C Tamb on glucose (GLUC: white squares), hydrolysed whey protein (WPH: grey squares) or 
water (WATER: black squares). Mean ± SEM (n= 11): ** p< 0.01 vs. pre-EHS, aa p< 0.01 and a p< 0.05 
vs. WATER.  
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Figure 4: EHS-induced small intestine permeability (lactulose:L-rhamnose ratio) in response to 2 h running 
at 60% V̇O2max in 35°C Tamb on glucose (GLUC), hydrolysed whey protein (WPH) or water (WATER). Mean 
± SEM (n= 8): aa p< 0.01 vs. WATER, b p< 0.05 vs. GLUC.  
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Figure 5: Pre- to post-EHS circulatory gram-negative bacterial endotoxin (A) and anti-endotoxin antibody 
(B) concentration in response to 2 h running exercise at 60% V ̇O2max in 35°C Tamb on glucose (GLUC), 
hydrolysed whey protein (WPH) or water (WATER). Mean and individual responses (n= 9): † main effect of 
time p< 0.05 vs. pre-EHS, ** p< 0.01 vs. pre-EHS, aa p< 0.01 vs. WATER.  
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Figure 6: Pre- and post-EHS plasma IL-6 (A), IL-1β (B), TNF-α (C), IL-8 (D), IL-10 (E), and IL-1ra (F) 
concentrations in response to 2 h running exercise at 60% V ̇O2max in 35°C Tamb on glucose (GLUC), 
hydrolysed whey protein (WPH) or water (WATER). Individual responses (n= 9): †† main effect of time p< 
0.01 pre-EHS vs. post-EHS, ** p< 0.01 vs. pre-EHS, a p< 0.05 vs. WATER.  
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